In recent years, the synthesis of chiral tetrahedrane-type clusters has been extensively studied, and various types have become accessible, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] which are a kind of organometallic compounds receiving greatly growing interest due to their potential application to asymmetric reaction catalysts. [11] [12] [13] [14] Using a framework chirality cluster as an asymmetric reaction catalyst would not only bring a basic conceptual breakthrough in asymmetric catalysis, in which the most asymmetric induction originates from the central or planar chirality of the P or N ligand, but would also extend the methodology in the designs of new chiral catalysts. The major remaining problem is to separate them into enantiomers. The traditional method for enantioseparation was to change the chiral clusters into diastereoisomers by column chromatography (CC) or thin-layer chromatography (TLC), even though it was time-consuming and inefficient. 15 Furthermore, the auxiliary optically active group could not be removed without destroying of the cluster 16 after enantioseparation.
Introduction
In recent years, the synthesis of chiral tetrahedrane-type clusters has been extensively studied, and various types have become accessible, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] which are a kind of organometallic compounds receiving greatly growing interest due to their potential application to asymmetric reaction catalysts. [11] [12] [13] [14] Using a framework chirality cluster as an asymmetric reaction catalyst would not only bring a basic conceptual breakthrough in asymmetric catalysis, in which the most asymmetric induction originates from the central or planar chirality of the P or N ligand, but would also extend the methodology in the designs of new chiral catalysts. The major remaining problem is to separate them into enantiomers. The traditional method for enantioseparation was to change the chiral clusters into diastereoisomers by column chromatography (CC) or thin-layer chromatography (TLC), even though it was time-consuming and inefficient. 15 Furthermore, the auxiliary optically active group could not be removed without destroying of the cluster 16 after enantioseparation.
HPLC is one of the efficient techniques for enantioseparation, which requires mild separation conditions. If the tetrahedral cluster enantiomers could be separated directly without derivatization by HPLC on a chiral stationary phase (CSP), destruction of the cluster would be avoided. There are various types of chiral stationary phases presently available, among which polysaccharide-based CSPs have been proved to be quite versatile. A wide variety of enantiomeric compounds, including chiral aromatic alcohols, enantiomeric amides, pyriproxyfen, and amino alcohols, have been separated on these CSPs. 17 During the past two years, our laboratory has paid great attention to the enantioseparation of chiral tetrahedrane-type metal clusters, and some satisfactory results have been obtained. So far, several CSPs have been prepared and applied to the enantioseparation these compounds, and more than 50 pairs chiral tetralhedrane-type clusters have been successfully resolved up to now. These CSPs included ATPC-coated SiO2, 18 CDMPC-coated SiO2, [19] [20] [21] and CDMPC-coated ZrO2, 22 where CDMPC means cellulose tris (3,5-dimethylphenylcarbamate) and ATPC means amylose tris(phenylcarbamate). It was found that the chiral stationary phases based on traditional silica were superior to those ZrO2-based chromatographic stationary phases; moreover, the cellulose-based and amylose-based chiral stationary phases have very broad and complementary enantiorecognition properties. 23 In the present work, the enantioseparation of novel chiral tetrahedrane-type clusters was achieved with amylose tris(3,5-dimethylphenylcarbamate) as a chiral stationary phase. The retention factors (k′), separation factors (α), and the resolutions (Rs) under different mobile phases were compared. The effect of a structural variation of the solutes on their enantioseparation was also investigated. Until now, the direct enantioseparation of chiral tetrahedrane-type clusters on amylose ADMPC-CSP has not been reported.
In the present work, an amylose tris(3,5-dimethylphenylcarbamate) (ADMPC) chiral stationary phase (CSP) was prepared by coating ADMPC on small-particle silica gel. This ADMPC-CSP was for the first time successfully applied to separate a series of novel chiral metal tetrahedrane-type clusters. Furthermore, the influence of a mobile-phase modifier (various alcohols added in the mobile phase), including its concentration and structure, and the structures of the clusters on the chiral separation and retention was investigated. The results suggest that not only the structure and concentration of alcohol in the mobile phase, but also the subtle structural differences in racemate can have a pronounced effect on the enantiomeric separation and retention. from ACROS (NJ, USA). 3-Amino-propyltriethoxylsilane was a product of Wuhan Tianmu Chemical Plant (China). Spherical silica gel (with a mean particle size of 5 µm; pore size of 12 nm; and surface area of 110 m 2 g -1 ) was prepared in our laboratory. Amylose tris(3,5-dimethylphenylcarbamate) was prepared as described in Ref. 24 . ADMPC was coated on aminopropylated silica gel with a coating amount of 15% (w/w). The prepared chiral stationary phase was packed into a stainless-steel column (25 cm × 4.6 mm) by the conventional high-pressure slurrypacking procedure.
Heterometal tetrahedral cluster enantiomers were synthesized by the State Key Laboratory for Oxo Synthese and Selective Oxidation, Lanzhou Institute of Chemical Physics, Chinese Academy of Sciences. All other reagents used were of analytical grade from Tianjin Second Chemical Reagent Plant (China).
Instruments
The HPLC system consisted of a Waters 515 HPLC pump, a Waters 2487 double-absorbance detector (Waters, USA), and a Rheodyne injection valve equipped with a 20-µl sample loop. The Chromatographic data were acquired and processed by Millennium 32 chromatography manager software (Waters, USA).
Chromatographic conditions
n-Hexane with various alcohols of different percentage was used as the mobile phase. The samples were dissolved in the mobile phase. All solvents were filtered and degassed in an ultra-sonic bath before use. UV detection was performed at 254 nm. The flow-rate was 1.0 ml/min, the injection volume was 20 µl, and the column temperature was room temperature. The retention factors (k) were determined as k = (tR -to)/to. The dead time (to) was determined using 1,3,5-tri-tert-butylbenzene as a reference. The separation factors (α) were calculated as α = k2/k1, where k2 and k2 are the retention factors for the first and the second eluting isomers, respectively. The resolutions (Rs) were calculated by the following formula: Rs = 2(t2 -t1)/(w1 + w2), where w1 and w2 are the baseline peak widths for the first and second eluting isomers, respectively.
Results and Discussion
The structures of the novel structurally related tetrahedrane-type clusters are shown in Fig. 1 . From the structures, it could be found that, different from the classical chiral organic molecules, the chirality of the heterometal tetrahedral clusters without distinct monoatomic chiral centers is due to the general asymmetry of the tetrahedral framework.
It is known that the alcohol modifiers used in the mobile phase in the normal-phase mode have a profound influence on the chiral selectivity of polysaccharide-based CSPs, 25 because an alcohol modifier could change the geometry and/or size of the chiral groove of CSP. Therefore, in this work, the effects of various parameters, such as the structures and concentrations of alcohols in mobile phases, as well as the structural variation of the solutes, were investigated. Furthermore, the optimal chromatographic condition for each cluster was optimized. Some interesting results were found and discussed. 
Influence of the type of the alcohol in mobile phase on the retention and enantioselectivity
The effects of the structures of the alcohol in the mobile phase on the retention factors (k), separation factors (α), and resolutions (Rs) were investigated using a series of alcohols. The results are presented in Table 1 . It could be seen that the retention of these clusters changed with different alcohols, therein the retention of B and C increased with the alkyl chain of the alcohol to a certain extent, and then decreased, while A and B decreased with the alkyl of the alcohol; moreover, the increase of the alkyl chain length of the alcohol (ethanol to butanol) did not have a dramatic effect on the retention factor of racemates E and B. Ethanol and 1-propanol were found to be superior to 2-propanol, 1-butanol, and t-butanol for the chiral separation of B. A, B and C were found to be enantioseparated satisfactorily with almost all of the alcohols as a modifier in the mobile phase. The results indicated that the steric bulk and the polarity of the alcohol, the mobile phase modifier, could play some role in the enantioseparation of these clusters. A possible explanation for this may be that there was competition between the alcohol and the solute to bind with the CSP. [26] [27] [28] Different alcohols had different abilities to bind with CSP. Alcohol with a weak polarity could bind with the CSP weakly, resulting in a longer retention of the analytes. It has been assumed that alcohol can not only compete for binding sites with the solute, but also alter the steric environment of the chiral cavities on the CSP by binding to achiral sites near the chiral cavities. Chiral discrimination between the enantiomers was due to a difference in their steric fit in the chiral cavities of the CSP. 20 Alcohols with different structures and different porlarity could alter the steric environment of the chiral cavities on the CSP differently, resulting in different enantioselectivity.
Influence of the concentration of alcohol on the retention and enantioselectivity
In the experiment, the effect of the concentration of 1-propanol, 2-propanol, and 1-butanol on the retention and enantioselectivity was investigated. It was found that the concentration effect of the three alcohols was similar; therefore, 2-propanol was taken as an example to demonstrate the effect of the concentration. From the data given in Table 2 , it was evident that increases in the concentration of alcohol resulted in decreases in the retention factors (k), as expected except for B. For the resolution (Rs), it seemed that a 10% of alcohol concentration was suitable for C, D, and E, while a higher or lower concentration of alcohol could result in a loss of resolution. For A and B, the resolution increased with the concentration of alcohol. A possible explanation may be that as the concentration of alcohol increased in the mobile phase, the alcohol modifier gradually replaced the hexane, which was initially incorporated in the CSP, and the alcohol modifier, itself, became incorporated into the CSP. Thus, the steric environment of the chiral cavity may be changed, resulting in a different selectivity. In the experiment, we found that a too low concentration of alcohol may result in band broadening in some cases.
Comparison of chromatographic behavior of these chiral heterometal tetrahedral clusters on ADMPC-CSP
According to the results given in Tables 1 and 2 , the enantiomeric separation of these compounds can be improved to a certain extent by changing the type and strength of the alcohol modifier. These clusters, all having carbonyl groups, may interact with the NH groups of carbamate residues through hydrogen-bonding interactions and with the C=O groups of carbamate residues through dipole-dipole interactions on the ADMPC-CSP. The clusters, such as A, B, C, and D, containing indenyl, could interact with the phenyl group of the ADMPC-CSP by the π-π interaction.
Those clusters containing cyclopentadienyl groups (E) or PPh3 groups (B and C) could interact with the phenyl groups of the CSP by a charge-transfer (π-π) interaction. Furthermore, the presence of a steric hindrance in the analytes also affected their discrimination. For B and C, their structures are similar, but a subtle difference lies in that C has one more PPh3 group, which leads to shorter retention and better resolution due to a larger steric hindrance. Those clusters in which the carboxyl group coordinated to the heterometal atom substituted with a PPh3-and a C9H7-ligand showed some rule in the enantioseparation, in that the retention factors and the resolutions decreased as the alkyl length in the mobile phase increased. The typical chromatograms of these clusters under the optimized condition were shown in Figs. 2 and 3.
Conclusions
The enantioseparation of novel chiral heterometal tetrahedral clusters was successfully achieved on ADMPC-CSP by HPLC. The results showed that the structure and the concentration of the alcohol modifier in mobile phase had a large effect on the enantioseparation. The results also indicated that both the metal in the tetrahedral core and the ligand coordinated to the atom in the tetrahedral core had significant effects on their enantioseparation. 
